The aim of these studies was to compare the pharmacokinetics, pharmacodynamics, counterregulatory hormone and symptom responses, as well as cognitive function during hypoglycaemia induced by s.c. injection of 0.15 IU/kg of regular human insulin (HI) and the monomeric insulin analogue [Lys(B28),Pro (B29)] (MI) in insulin-dependent-diabetic (IDDM) subjects. In these studies glucose was infused whenever needed to prevent decreases in plasma glucose below 3 mmol/1. After MI, plasma insulin increased earlier to a peak (60 vs 90 min) which was greater than after HI (294 + 24 vs 255 + 24 pmol/1), and plasma glucose decreased earlier to a 3 mmol/1 plateau (60 vs 120 min) (p < 0.05). The amount of glucose infused to prevent plasma glucose falling below 3 mmol/1 was -three times greater after MI than HI (293 +26 vs 90 + 25 gmol-kg -1-60-375 min -1, p < 0.05). After MI, hepatic glucose production was more suppressed (0.7_+ 1 vs 5.9 + 0.54 ~tmol. kg -1.min 1) and glucose utilization was less suppressed than after HI (11.6 + 0.65 vs 9.1 _+ 0.11 gmol. kg -1. min -1) (p < 0.05). Similarly, plasma NEFA, glycerol, and fl-OH-butyrate were more suppressed after MI than HI (p < 0.05), whereas plasma lactate increased only after MI, but not after HI. Responses of counterregulatory hormones, symptoms and deterioration in cognitive function during plasma glucose plateau of 3 mmol/1 were superimposable after MI and HI (p = NS). Post-hypoglycaemia hyperglycaemia was greater after MI than HI (at 480 min 12.1 + 1 vs 11 + 1 mmol/1) because of greater hepatic glucose production during insulin waning which occurred at least 135 rain earlier with MI as compared to HI (p < 0.05). It is concluded that counterregulatory hormones, symptoms and deterioration in cognitive function during hypoglycaemia respond similarly after MI and HI. The biological effect of MI appears greater than that of HI for at least 4 h after the s.c. injection and appears as a good candidate for achieving optimal post-prandial glucose control in IDDM. [Diabetologia (1994) Abbreviations: HI, Human insulin; MI, monomeric insulin; NE-FA, non-esterified fatty acid; HGO, hepatic glucose production rate; fl-OH-butyrate, r IDDM, insulin-dependent diabetes mellitus; NIDDM, non-insulin-dependent diabetes mellitus.
(0.7_+ 1 vs 5.9 + 0.54 ~tmol. kg -1.min 1) and glucose utilization was less suppressed than after HI (11.6 + 0.65 vs 9.1 _+ 0.11 gmol. kg -1. min -1) (p < 0.05). Similarly, plasma NEFA, glycerol, and fl-OH-butyrate were more suppressed after MI than HI (p < 0.05), whereas plasma lactate increased only after MI, but not after HI. Responses of counterregulatory hormones, symptoms and deterioration in cognitive function during plasma glucose plateau of 3 mmol/1 were superimposable after MI and HI (p = NS). Post-hypoglycaemia hyperglycaemia was greater after MI than HI (at 480 min 12.1 + 1 vs 11 + 1 mmol/1) because of greater hepatic glucose production during insulin waning which occurred at least 135 rain earlier with MI as compared to HI (p < 0.05). It is concluded that counterregulatory hormones, symptoms and deterioration in cognitive function during hypoglycaemia respond similarly after MI and HI. The biological effect of MI appears greater than that of HI for at least 4 h after the s.c. injection and appears as a good candidate for achieving optimal post-prandial glucose control in IDDM. [Diabetologia (1994) 37: [713] [714] [715] [716] [717] [718] [719] [720] There are at least three good reasons why prandial insulin administration in IDDM subjects fails to reproduce the plasma glucose homeostasis of non-diabetic subjects [1] . First, the peripheral, rather than portal means of insulin delivery. This causes underinsulinization of the liver and an excessive release of endogenous glucose into the bloodstream, a problem which may be overcome at present only at the expense of peripheral hyperinsulinaemia [1, 2] . Second, the subcutaneous (s.c.) rather than intravenous (i.v.) route of insulin delivery. Because absorption of insulin by the s. c. tissue is a slow process [3] , the rate of increase in plasma insulin is slower, the peak smaller, and the post-peak plasma insulin concentrations greater, in diabetic subjects injected with s. c. insulin (because of the ongoing absorption of insulin by the s.c. depot) compared to nondiabetic subjects secreting insulin in response to a meal directly into the portal vein [1, 4] . The initially low plasma insulin bioavailability causes early post prandial hyperglycaemia [4] , whereas the inappropriate hyperinsulinaemia late after s. c. insulin may frequently cause hypoglycaemia in IDDM [4] . Third, the estimate of the prandial insulin dose in IDDM remains empirical. Un, derstandably, under-or over-estimation of the insulin dose easily results in post-prandiat hyper-or hypogiycaemia independently of the two previous factors.
Recently, relevant advances have been made in producing insulin formulations with faster s.c. absorption as compared to human insulin (HI), with the so-called monomeric insulin (MI) analogues [5, 6] . Although a number of MI analogues have been produced [6] , only a few are candidates for the prandial insulin needs in subjects with either IDDM or NIDDM. Of these, [Lys(B28),Pro(B29)] [7] has proven to result in the most physiological plasma insulin pharmacokinetics and pharmacodynamics when injected s. c., as compared to HI [8, 9] . [Lys(B28),Pro(B29)] and HI bind IGF-I receptors and stimulate cell growth to a similar extent [10] .
Several studies have assessed the biological effects of analogue[Lys(B28),Pro(B29)] in euglycaemic clamp experiments in non-diabetic subjects [8, 9, 11, 12] , as well as during physical exercise [13] , and clinical trials in IDDM and NIDDM [14, 15] . However, so far no study has tested the counterregulatory hormone, or the symptom responses and cognitive function during hypoglycaemia induced by [Lys(B28),Pro(B29)].
The present series of studies was undertaken, first, to compare the time-course of onset of hypoglycaemia after s,c. injection of the MI analogue [Lys(B28), Pro(B29)] and HI, and to define the mechanisms. Second, to compare the counte:rregulatory hormone and symptom responses to hypoglycaemia, and, third, the development of post-hypoglycaemic hyperglycaemia after s, c, injection of MI as compared to HI.
Materials and methods
Subjects. Institutional Review Board approval was obtained for these studies. Informed consent was given by eight subjects with IDDM (Table 1) . At the time of study, all the subjects were free of any detectable diabetic complications. They had no autonomic neuropathy, as judged on the basis of a standard battery of cardiovascular tests [16] . They had no other disease apart from diabetes, and were not taking any drugs other than insulin. Their insulin antibody titre [2] was 7 + 1%.
Study design. The subjects were studied on two occasions, at 2-3 week intervals. On both occasions, the subjects were admitted to the Clinical Research Centre of the Department of Internal Medicine, Endocrinology and Metabolism, University of Perugia, the night prior to the study between 21.00-21.30 hours. Long-acting insulin was withdrawn for 48 h prior to the study and E. Torlone et al.: Monomeric insulin in IDDM To inject insulin as reproducibly as possible, the injection was always given by the same investigator (ET) with a 28-gauge, 1-ml (U-100) syringe (Becton Dickinson, Carlo Erba, Milan, Italy) with a fixed needle. Insulin was injected into the anterior abdominalwall, 4 cm lateral to the umbilicus, inclined at 45 ~ and with a penetration of approximately 4-5 ram. Care was taken to standardize the speed of injection and removal of the syringe as much as possible. Since one unit of MI is defined in exactly the same way as HI (by HPLC on a molecular weight basis), and since both MI and HI have identical molecular composition and molecular weight, in these studies the same amount of MI and HI was given on molar basis. After the s. c, insulin injection, the i. v. insulin infusion was tapered (75 % of the mean insulin requirements between 08.304)9.00 hours was continued until 09.10 hours, 50 % until 09.20 hours, and 25 % until 09.30 hours) and then stopped at 09.30 hours. Glucose (20 % solution), was infused by means of a separate Harvard pump when required to prevent the plasma glucose concentration falling below 3.0 retool/1. Arterialized-venous blood samples were drawn every 30 min for determination of plasma free insulin, growth hormone, glucagon, cortisol, adrenaline and noradrenaline and intermediary metab01ites. A semiquantitative symptom questionnaire was completed every 15 min. Subjects scored from 0 (none) to 5 (severe) for each of the following symptoms: dizziness, tingling, blurred vision, difficulty in thinking, faintness, anxiety, palpitations, hunger, sweating, irritability, or tremor. In accordance with previous classifications [19, 20] , the . Plasma insulin and glucose concentrations, and rates of glucose infusion required to prevent decreases in plasma glucose below 3 mmol/1 after s.c. injection of human insulin 9 or the rapid-acting, monomeric insulin analogue 9 [Lys(B28),Pro (B29)] in eight subjects with IDDM. Intravenous insulin was continued from 0 through 30 rain (Table 2) . Results are mean + SEM first five symptoms were considered neuroglycopenic and the last six, autonomic. The sum of each of these constituted the symptom score. In addition, at baseline and at 60-min intervals the following standard cognitive tests were compiled: trail-making part B, verbal fluency, interference subtest from the Stroop test, simple and choice visual reaction time, word and colour subtest from the Stroop test, digit vigilance test, trail-making part A, verbal memory test and forward and backward digit span, as previously described [19] . The evening before the study, subjects extensively 715 practiced each test. For the actual study, six alternate forms were prepared. The diabetic subjects and the person who recorded the symptoms were unaware of the experimental condition.
Analytical methods. Plasma glucose was measured using a Beckman Glucose Analyzer (Beckman Instruments, Palo Alto, Calif., USA). Plasma insulin, growth hormone, cortisol, adrenaline, noradrenaline [21] , and (3-3H)-glucose radioactivity [22] were measured as previously described. To remove antibodybound insulin, plasma was mixed with an equal volume of 30 % polyethylene glycol immediately after blood collection [17] . Plasma glucagon was measured by radioimmunoassay using a commercially available kit (ICN Biomedical, Inc., Costa Mesa, Calif., USA). Plasma insulin was measured using a commercially available kit (Incstar Co., Stillwater, Minn., USA). Recovery was 98 + 1% at insulin concentration of 24 pmol/1, 96 + 2 % at 300 pmol/1, and 91 +2% at 600 pmol/1. Plasma NEFA were measured by an enzymatic colorimetric method (Wako NEFA C test kit; Wako Chemicals GmbH, Neuss, Germany), and fl-OHbutyrate, glycerol, alanine by a previously described method [23] . HbAI~ was determined by an HPLC method (range in nondiabetic subjects 3.8-5.5 %).
Calculations and statistical methods. Rates of glucose appearance (production) and disappearance (utilization) were calculated using the non-steady-state equations of De Bodo et al. [24] , and were smoothed according to the method of Miles et al. [25] . The infusion of cold glucose, if any, was integrated over 30-rain intervals and subtracted from the total rate of glucose appearance to obtain the endogenous (hepatic) HGO. Because of differences in units of treatment, results of cognitive tests were transformed to z-scores (individual values minus mean divided by standard deviation) [26] to permit their summation to obtain one unitless value for evaluation [19] . Data are given as means + SEM, and the statistical significance was evaluated using analysis of variance corrected for repeated measures [26] . A commercially available software package (CSS, Stasoft, Tulsa, Okla., USA) was used for statistical analysis.
Results
Insulin infusion rates and plasma glucose concentrations at baseline ( Table 2 ). The i. v. insulin requirements to maintain euglycaemia at baseline were superimposable in the two studies. The rates of i. v. insulin infusion over the 30 rain following the s. c. injection of either MI or HI were also superimposable.
Plasma insulin and glucose concentrations and rates of glucose infusion (Fig. 1 ). After the s.c. MI injection, plasma insulin concentration increased to an earlier (60 vs 90 rain) and greater (294 + 24 vs 255 + 24 pmol/1) (p < 0.05) peak than after HI. However, after 105 rain, the plasma insulin concentration was greater after HI than after MI (114 + 14 vs 86 + 13 pmol/1, mean of the 120-480 values,p < 0.05). The area under the plasma insulin curves after HI was slightly greater than after MI (65.4 + 3.5 vs 57.6 + 2.6 nmol-1-1. 480 min-%p < 0.05). Plasma glucose concentration decreased more rapidly after MI as compared to HI. When glucose was infused to prevent plasma glucose concentration falling below 3 mmol/1, the plasma glucose concentration pla- (Table 2) , and i.v. glucose was infused whenever needed to prevent decreases in plasma glucose below 3 mmol/1 (Fig. 1) . Results are mean + SEM E. Torlone et al.: Monomeric insulin in IDDM teaued at similar values after MI and HI up to 240 min. Thereafter, plasma glucose concentration increased on both occasions, but the increase at 480 min was slightly greater after MI (12.1+1mmol/1) than after HI (11 + 1 mmol/1) (p < 0.05). In both studies glucose was required to prevent decreases in plasma glucose below 3 mmol/1. However, the amount of glucose infused between 60-375 min was approximately 3 times greater after MI than HI (areas under curves 293 +26 vs 90+25 btmol.kg -1.60-375 min-a,p < 0.05). (Fig. 2) . After the s.c. injection, the rates of HGO initially decreased to a lower and earlier nadir in the MI (0.7 + 1 gmol. kg -1 9 min -t at 120rain) as compared to the HI study (5.9 + 0.54 gmol.kg -1 -rain -1 at 150 min). Thereafter, HGO increased on both occasions and rebounded above baseline values after 330 rain. After 210 min, HGO was superimposable in the two studies.
Rates of HGO and glucose utifization
Glucose utilization did not increase in either study until plasma glucose concentration increased above baseline values. However, in the MI study, glucose utilization was less suppressed than in the HI study between 90-180 min (p < 0.05).
Plasma counterregulatory hormones (Fig. 3)
Plasma glucagon did not increase in response to hypoglycaemia. Plasma adrenaline, noradrenaline, growth hormone and cortisol increased to similar peak values in the MI and HI studies (p = NS), but the peak response occurred earlier in the MI study (adrenaline 120 vs 180 min; noradrenaline 150 vs 210 min; growth hormone 90 vs 120 rain; cortisol 90 vs 120 rain, MI and HI studies, respectively). or the rapid-acting, monomeric insulin analogue 9 [Lys(B28), Pro(B29)] in eight subjects with IDDM. Note that i.v. glucose was infused whenever needed to prevent decreases in plasma glucose below 3 mmol/1 (Fig. 1) . Results are mean + SEM
Plasma intermediary metabolite concentrations (Fig. 4)
Plasma NEFA and glycerol concentrations were more suppressed after the s.c. injection of MI than HI up to 210 min, whereas ]3-OH-butyrate was more suppressed up to 300 min. Subsequently, plasma NEFA and glycerol concentrations were slightly, but not significantly greater after MI than HI. fl-OH-butyrate was greater in theMIthantheHIstudyafter360 min(p < 0.05).Plasma lactate did not change after the s. c. HI inj ectio n, where as it increased between 60-270 rain after the MI injection.
Scores of symptom responses to hypoglycaemia (Fig. 5)
The peaks of the scores of autonomic and neuroglycopenic symptoms in the MI and HI studies were similar (p = NS). However, in the MI study, the peaks of scores of autonomic and neuroglycopenic symptoms occurred earlier (at 90 min) than in the HI study (at 120 min).
Cognitive function (Table 3) Deterioration of cognitive function during hypoglycaemia was similar after HI and MI, but it occurred earlier after MI.
Discussion
The present series of studies was undertaken, first, to compare the time-course of onset of hypoglycaemia after s.c. injection of the MI analogue [Lys(B28), 
Pro(B29)] and HI. Second, to compare the counterregulatory hormone and symptom responses, and, third, the development of post-hypoglycaemic hyperglycaemia after s. c. injection of MI as compared to HI. Our results in response to these questions indicate the following. First, s.c. injection of prandial therapeutic doses of MI in IDDM results in an earlier hypoglycaemia as compared to HI. Regarding the mechanisms, MI lowered plasma glucose predominantly by suppressing HGO and only marginally by increasing glucose utilization, whereas HI only suppressed HGO. In fact, in the present studies glucose utilization paradoxically did not increase (HI), or increased transiently to only a limited extent (MI), as previously reported [2] , because of the mass action effect of low plasma glucose [27] and insulin resistance of IDDM [28] .
Second, the counterregulatory and symptom (both autonomic and neuroglycopenic) responses, as well as deterioration in cognitive function during hypoglycaemia induced by s.c. injection of MI and HI insulin were superimposable.
Third, post-hypoglycaemic hyperglycaemia was greater after the s. c. injection of MI as compared to HI. However, plasma glucose concentration at 480 min was only approximately i mmol/1 greater after MI as compared to HI insulin. Thus, rebound hyperglycaemia following hypoglycaemia [29] induced by MI is not greatly exaggerated as compared to HI.
An important finding in the present studies was not only the earlier but also the greater hypoglycaemic effect of MI as compared to HI, as indicated by the greater rate of spontaneous plasma glucose fall, and the greater glucose infusion rate needed to prevent a decrease in plasma glucose below 3 mmol/1 over the initial 4 h following s.c. injection of the two insulinpreparations. Although the design of the present experiments in which hyperglycaemia followed hypoglycaemia, does not allow one to calculate the duration of action of MI as compared to HI, it is nevertheless clear that waning of insulin effect occurred earlier with the former as compared to the latter insulin preparation. In fact, glucose had to be infused up to 375 min following s. c. injection of HI, whereas it was no longer needed after 240 min in the MI experiments. Thus, it can be estimated that the duration of action of MI is at least shorter 135 min than HI. However, it is likely that this is an underestimate, because post-hypoglycaemic hyperglycaemia developed faster after MI than HI.
The results of the present studies of an earlier and greater hypoglycaemic effect, as well as shorter duration of action of MI as compared to HI in IDDM, are in agreement with previous studies in normal, nondiabetic subjects, studied with the euglycaemic glucose clamp technique [8, 9, 11, 12] , as well as in subjects with IDDM during exercise soon after s.c. injection [13] . However, in the present studies the overall biological effect of MI was about 3 times greater as compared to HI, as shown by the amount of glucose infused during the entire experiment. Previous studies in normal, nondiabetic subjects, [8, 11, 12] indicated that the biological effect of MI and HI was identical, if one considers the area under the curve of glucose infused in the euglycaemic glucose clamp experiments over 12-14 h. Clearly, the design of the present experiments does not allow a direct comparison between the present studies in hypoglycaemia in IDDM, and previous studies in euglycaemia in non-diabetic volunteers. However, the greater hypoglycaemic effect of MI as compared to HI for at least 3-3 1/2 h observed in the present studies, is in agreement with the more profound hypoglycaemic effect reported by Tuominen et al. [13] during exercise soon after s. c. injection of MI as compared to HI.
In the present studies, the greater hypoglycaemic effect of MI as compared to HI was due to greater suppression of HGO and slightly stimuiated glucose utilization. After MI, also suppression of NEFA, glycerol, ~-OH-butyrate, and increase in lactate were greater than after HI. Because plasma glucose and counterregulatory hormone concentrations were superimposable in the two experiments, our interpretation was that these effects were due to the earlier plasma insulin bioavailability following MI as compared to HI.
In the present studies, development of greater posthypoglycaemic hyperglycaemia after MI as compared to HI was the consequence of lower plasma insulin concentration late after s. c. injection of the former as compared to the latter insulin preparation. This is indicated by the superimposable plasma glucose counterregulatory hormone concentrations in the two experiments, as well as by the inverse correlation between the plasma glucose and insulin differences after 300 min in the MI and HI experiments (r = -0.71,p < 0.005). This confirms the key role of prevailing plasma insulin in the pa-thogenesis of post-hypoglycaemic hyperglycaemia [29, 30] . Notably, late after s.c. injection, hypoglycaemiaactivated counterregulation and insulin deficiency resulted in a greater rebound of lipolysis and ketogenesis as compared to glucose production and plasma glucose concentration. This effect was more pronounced with MI than HI.
The results of the present studies may be relevant to the use of MI prior to a meal in IDDM. First of all, when transferring a subject from HI to MI, not only the time interval between injection and meal should be reduced to 0-10 min [14] , but also reduction of the dose should be considered to prevent early post-prandial hypoglycaemia, especially in subjects with pre-prandial nearnormoglycaemia. Second, should post-prandial hypoglycaemia occur, it is likely that a larger dose of glucose, compared to HI-induced hypoglycaemia, necessary for recovery of hypoglycaemia. However, third, because the present studies indicate that 4 h after s. c. injection of MI, diabetic patients are less hyperinsulinaemic than after HI, if intake of carbohydrate to correct hypoglycaemia is excessive, exaggerated post-hypoglycaemic hyperglycaemia might easily occur. Clearly, the success of the future use of MI, as compared to HI, is dependent upon the ability to prevent hypoglycaemia early after s.c. injection, as well as hypoinsulinaemia 4-5 h later. The last goal should be accomplished by multiple s.c. injections of MI at intervals no more than 5 h throughout the day. Alternatively, it is likely that about 20 % of the total prandial insulin dose should be given as intermediate-acting insulin, the remaining 80% being MI, to prevent hypoinsulinaemia prior to the subsequent meal, in particular the evening meal. In fact, this is a frequent problem for subjects with IDDM living in Southern European countries.
The classic experiments of Dimitriadis and Gerich [4] demonstrated the critical importance of early plasma insulin bioavailability for physiological meal disposition, as well as the need for low plasma insulin concentrations late after s.c. insulin injection to prevent late post-prandial hypoglycaemia in IDDM. Previous studies [8, 9, 12] and the present study indicate that s. c. injection of Mr results in more physiological pharmacokinetics as compared to HI because of the faster s. c. absorption, the earlier and greater plasma insulin peak, and the more rapid post-peak decrease. Thus, it is presently hypothesized that s.c. injection of MI prior to a meal should result in better post-prandial glucose control as compared to HI in IDDM. However, because of the critical importance of loss of early phase insulin secretion in the pathogenesis of post-prandial hyperglycaemia in NIDDM [31] , it is possible that MI results in better postprandial glucose control also in NIDDM. In a preliminary report on multicentre, randomized clinical trials in insulin-treated subjects with IDDM and NIDDM, both fasting as well as post-prandial blood glucose concentrations and % HbA1 c were lower in the MI-treated as compared to HI-treated group [32] . 
